Transcription termination by vaccinia virus RNA polymerase during synthesis of early mRNAs requires a virus-encoded termination factor (VTF). VTF is but one of many activities associated with the vaccinia virus mRNA capping enzyme, a heterodimer of 95-and 33-kDa subunits encoded by the D1 and D12 genes, respectively. Although the three catalytic domains involved in cap formation have been assigned to individual subunits or portions thereof, the structural requirements for VTF activity are unknown. We now report that both full-length subunits are required for transcription termination. The 844-amino acid D1 subunit by itself, which is fully active in triphosphatase and guanylyltransferase functions, has no demonstrable VTF activity in vitro. Neither does the D12 subunit by itself. The heterodimeric methyltransferase domain of D1 (residues 498 to 844) and D12 subunits also has no VTF activity. VTF is not affected by a K-to-M mutation of the guanylyltransferase active site at position 260 (K260M) that abolishes enzyme-GMP complex formation or by a H682A/Y683A double mutation of the D1 subunit, which abrogates methyltransferase activity. Thus, the structural requirements for termination are distinct from those for nucleotidyl transfer and methyl transfer.
Vaccinia virus mRNA capping enzyme is a heterodimeric protein containing subunit polypeptides with molecular masses of 95 and 33 kDa encoded by the viral D1 and D12 genes, respectively (15, 18, 19, 27) . In addition to its role in RNA 5Ј processing, the capping enzyme participates directly in the transcription of viral mRNAs, as a transcription termination factor in early mRNA synthesis (23) and as an initiation factor during transcription of vaccinia virus intermediate genes (28) . This remarkable compaction of function raises the question of how individual activities are organized structurally within the enzyme. Studies to date have concentrated on the three catalytic functions involved in capping-RNA triphosphatase, RNA guanylyltransferase, and RNA (guanine-7-) methyltransferase. Active subdomains have been isolated by partial proteolysis of the enzyme purified from virions (21) , by expression of the capping enzyme subunits in Escherichia coli (5, 10, 11, 22, 25) and by translation of the subunit polypeptides in vitro (2, 14) . Catalytic domains are organized in a modular fashion. The amino-terminal 60 kDa of the D1 subunit constitutes an autonomous functional unit containing both the triphosphatase and guanylyltransferase activities (10, 21, 25) . The methyltransferase domain is a distinct, nonoverlapping, autonomous unit consisting of the carboxyl portion of the large subunit heterodimerized with the D12 protein (2, 11, 14) . These two domains in the native enzyme are linked via a protease-sensitive hinge region of the large subunit (21) .
Virtually nothing is known about the structural requirements for transcription termination factor (VTF) activity of the vaccinia virus capping enzyme. Is there an autonomous VTF domain? Are individual subunits or isolated catalytic domains competent to elicit termination? Is catalytic competence for capping required for transcription termination? These questions have been addressed in the present study by expressing individual subunits or catalytic domains in bacteria and testing the purified proteins for VTF activity in an in vitro transcription system. Our results indicate that both subunits are required for VTF activity, that neither the guanylyltransferase-triphosphatase nor the methyltransferase catalytic module has VTF activity, and that the guanylyltransferase and methyltransferase active sites are irrelevant to the termination event.
VTF-dependent transcription termination. Vaccinia virus early mRNAs are transcribed by a multisubunit virus-encoded RNA polymerase packaged within the infectious virion (16) . Promoter recognition is conferred upon the polymerase by an extrinsic virus-encoded early transcription factor (1). Transcription termination during synthesis of vaccinia virus early mRNAs occurs downstream of a UUUUUNU signal in the nascent transcript (12, 20, 26) . Purified RNA polymerase cannot terminate in response to the signal; rather, it requires VTF, which is identical to the vaccinia virus mRNA capping enzyme (12, 23) . The termination event is readily studied, using an in vitro system that includes the early transcription factor and RNA polymerase, but is dependent on added VTF/capping enzyme (23) . In the system employed herein, transcription is programmed by a linear G21(ter) template linked to paramagnetic beads (4, 6) . The G21(ter) transcription unit consists of a synthetic early promoter fused to a 20-nucleotide G-less cassette. A run of four G residues immediately following the G-less cassette serves as an elongation block when GTP is omitted from the reaction mixtures (6) (7) (8) 12) . Situated downstream of the G-run is a transcription termination signal, TTTTTTTTT. The strategy for analysis of termination during a single round of transcription entails pulse-labeling of nascent chains within ternary complexes arrested prior to the termination signal, and purification of the complexes free of unbound proteins and labeled NTP precursor, followed by resumption of elongation upon provision of unlabeled nucleoside triphosphates (NTPs) (6) . VTF is included or omitted during the chase as desired.
As shown in Fig. 1 , pulse-labeling reaction mixtures containing 1 mM ATP, 10 M UTP, 1 M [␣-32 P]CTP, and 0.1 mM 3Ј-O-methyl-GTP (3ЈOMeGTP) yielded a 3ЈOMeGMP-ar-rested 21-mer nascent RNA ( Fig. 1 [Pulse] ). Template-engaged ternary complexes were recovered by centrifugation and immobilization of the beads with an external magnet. Upon provision of unlabeled NTPs and magnesium, the blocking 3ЈOMeGMP moiety in the nascent RNA is removed by a hydrolytic activity intrinsic to the vaccinia virus RNA polymerase (9) and the bead-bound ternary complexes resume elongation. Elongation by purified G21(ter) complexes upon NTP addition proceeded to the end of the linear DNA, as evinced by conversion of the pulse-labeled 21-mer RNA into a 195-nucleotide runoff RNA ( Fig. 1 [Chase]). Runoff transcripts ( Fig. 1 [RT]) predominated even though the template contained a functional termination signal. A cluster of transcripts 31 to 37 nucleotides long was also detected after the chase ( Fig. 1 [P]); these species were engaged within complexes that had paused at template positions within the termination signal (6) . The addition of native capping enzyme (i.e., capping enzyme purified from vaccinia virus virions) to the purified pulselabeled ternary complexes just prior to the start of the NTP chase resulted in the appearance of a heterogeneous array of terminated transcripts ( Fig. 1 [T] ). It was established previously that these terminated RNAs were released from the DNA template (6) . The size distribution of terminated chains indicated that most 3Ј ends were formed at a distance of between about 35 and 80 nucleotides downstream of the first U residue in the termination signal.
The D1 and D12 capping enzyme subunits form an enzymatically active heterodimer when coexpressed in bacteria (5, 22) . Modification of either subunit by addition of an N-terminal His tag ( Fig. 2 ) affords convenient affinity purification of the expressed protein from bacterial lysates (13, 14) . Expressed heterodimer, His-D1/D12, containing a six-histidine tag linked to the large subunit ( Fig. 2A) , was purified to near homogeneity by Ni-agarose and cation-exchange chromatography steps. (The polypeptide composition of this preparation was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE] and is reported in reference 13.) The His-D1/D12 protein was fully active with respect to triphosphatase, guanylyltransferase, and methyltransferase functions. His-D1/D12 was also active in promoting transcription termination in vitro (Fig. 1, lane 2) . Titration experiments in which the concentration of the recombinant His-tagged enzyme during the chase was varied from 0.6 to 40 nM indicated that the termination reaction was saturated at 10 nM His-D1/D12 (not shown).
Transcription termination by a guanylyltransferase-defective capping enzyme. The active site of the guanylyltransferase domain has been mapped to Lys-260 of the large subunit (3, 17) . The ε-amino group of this Lys residue attacks the ␣-phosphate of GTP to form a covalent enzyme-guanylate intermediate (24) . Mutation of Lys-260 to Met (K260M) abrogates guanylyltransferase activity but has no apparent impact on subunit association or methyltransferase activity when the subunits are cotranslated in vitro (3). A mutated His-tagged heterodimer, His-D1(K260M)/D12, was expressed in bacteria (from a T7-based vector shown in Fig. 2B ) and purified by nickel-affinity and cation-exchange chromatography. The purified mutant protein was inert in transguanylylation, as expected (not shown). Nonetheless, the His-D1(K260M)/D12 protein was active as a termination factor (Fig. 1, lane 3) . This result provides definitive proof that the addition of GMP to the , and His-D1 preparations were determined by enzyme-guanylate formation (24, 26) . The molarity of His-D1(K260M)/D12 was calculated from the protein concentration, using the Bio-Rad dye reagent with bovine serum albumin as a standard. RT, runoff transcripts; T, terminated transcripts; P, paused transcripts. promoter is indicated by the arrows. Construction of expression vectors D and E has been previously described (14) . The His 6 -D1 expression plasmid C and a His 10 -D1 expression vector (not shown) were generated by transferring the full-length D1 gene from pET-D1 (described in reference 22) into pET14b and pET16b (Novagen). Mutations in the D1 gene were programmed by synthetic oligonucleotides, using the two-stage PCR-based overlap extension strategy, as previously described (3, 14) . The coexpression plasmids B and F were constructed by excision of the mutant His-D1 expression cassettes with BglII and HindIII and insertion into pET-D12 that had been cut with BamHI and HindIII. Coexpression plasmid A was generated by cloning a HindIII-BglII fragment of pET-D12 into the SmaI site of pET-His-D1.
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ nascent transcript is irrelevant to transcription termination (this had been inferred from our earlier experiments [6, 23] ) and also that guanylylation of the enzyme is not required for termination. VTF activity requires both capping enzyme subunits. His-D1 was expressed by itself in bacteria (Fig. 2C ) and purified by Ni-affinity and cation-exchange steps (see reference 13 for polypeptide composition). Transguanylylation and triphosphatase activities cosedimented exactly with His-D1 during glycerol gradient centrifugation (not shown). The specific activity of the purified His-D1 protein in enzyme-GMP formation and in triphosphatase (determined by assay of 32 P i release from [␥-32 P]ATP) was similar to that of purified His-D1/D12 heterodimer (not shown). In contrast, the specific methyltransferase activity of His-D1 [assayed by methylation of cap-labeled poly(A) as previously described (14)] was 2 to 3% of the methyltransferase activity of His-D1/D12. (Methyltransferase activities were normalized to enzyme-GMP complex formation to ensure that equivalent molar amounts of active protein were compared.) His-D1 evinced no activity as a transcription termination factor at a level of input protein (10 nM) that was saturating for the heterodimeric capping enzyme (Fig. 1, lane  4) . This result establishes that the capping enzyme small subunit is required for VTF activity.
A His-tagged version of the D12 subunit (Fig. 2D ) was expressed in bacteria and purified to homogeneity (14) . Previously, we demonstrated that the His-D12 protein had no methyltransferase activity on its own but could stimulate the feeble methyltransferase activity of the D1 subunit when the two subunits were mixed in vitro (14) . Similar findings were reported previously for recombinant D12 subunit lacking the His-tag (10). Purified His-D12 did not promote transcription termination in vitro (Fig. 3, lane 4) .
Lack of VTF activity with either subunit alone raised the possibility that the termination factor might require protein heterodimerization or an intact methyltransferase domain, or both. An autonomous methyltransferase domain consisting of a heterodimer of a His-tagged segment of the D1 subunit (residues 498 to 844) and the D12 subunit (Fig. 2E) has been purified to homogeneity from bacteria coexpressing these polypeptides (11, 14) . The methyltransferase domain exhibited no VTF activity (Fig. 3, lane 3) . Thus, none of the autonomous domains involved in cap formation sufficed for transcription termination.
Transcription termination by methyltransferase-defective capping enzyme. To determine whether methyltransferase function has any bearing on VTF activity, we sought to engineer a derivative of the capping enzyme that was specifically defective in transmethylation. Initial screening of alanine substitution mutants of the D1(498-844) protein by in vitro translation suggested that vicinal residues His-682 and Tyr-683 might be constituents of the methyltransferase active site (14) . We have pursued this further by introducing alanines at positions 682 and 683 of the full-length D1 protein, which we fused to an N-terminal leader peptide containing 10 tandem His residues (Fig. 2F) . Wild-type His 10 -D1 and His 10 -D1(H682A/ Y683A) mutant proteins were coexpressed in bacteria with the D12 polypeptide and purified by Ni-agarose and phosphocellulose chromatography steps. The polypeptide composition of the phosphocellulose preparations was examined by SDS-PAGE. Both preparations were homogeneous with respect to FIG. 3 . Methyltransferase is neither necessary nor sufficient for VTF activity. Pulse-labeling transcription reactions and isolation of bead-bound ternary complexes were carried out as previously described (6) . Chase reactions were run for 10 min at 30ЊC as described in the legend to Cultures were then placed on ice for 30 min and subsequently maintained at 20ЊC for 48 h with continuous shaking. Cells were harvested by centrifugation, and pellets were stored at Ϫ80ЊC. All subsequent procedures were performed at 4ЊC. Soluble lysates, prepared as previously described (14), were mixed with 1 ml of Ni-nitrilotriacetic acid-agarose resin (Qiagen) for 1 h. The slurries were poured into columns, which were eluted stepwise with IMAC buffer (14) containing 5, 25, 65, and 200 mM imidazole. The polypeptide composition of the column fractions was monitored by SDS-PAGE. Fractions enriched for the expressed capping enzyme subunits (which were eluted at 200 mM imidazole) were pooled and then dialyzed against buffer B (14) . Each dialysate was applied to a 1-ml column of phosphocellulose, which was eluted stepwise with buffer A (14) the large and small capping enzyme subunits (Fig. 4) . Cap methylation by wild-type His 10 -D1/D12 varied linearly with enzyme at low protein concentrations. In contrast, His 10 -D1 (H682A/Y683A)/D12 was virtually inert in cap methylation, even at levels of input protein sufficient for quantitative methylation of the capped poly(A) substrate by the wild-type enzyme (Fig. 5A) . By extending the titration to even higher levels of input protein, we estimate that the methyltransferase activity of His 10 -D1(H682A/Y683A)/D12 was 0.02% of that of the wild type. The specific activities of the methyltransferase-defective capping enzyme in guanylyltransferase (enzyme-GMP complex formation) and triphosphatase (ATPase) functions were nearly identical to those of the wild-type protein ( Fig.  5B and C) . Thus, we conclude that this mutant protein is indeed specifically defective in transmethylation. The His 10 -D1 (H682A/Y683A)/D12 protein retained VTF activity (Fig. 4,  lane 3 ). This result proves that catalytic competence in transmethylation is not required for termination.
Conclusions and implications.
The structural requirements for VTF activity are demonstrably more complex than those for any of the capping functions. Whereas individual subunits or portions thereof are competent for triphosphatase, guanylyltransferase, or methyltransferase activities, VTF activity requires both subunits. In vaccinia virus particles, the D1 and D12 subunits exist as a stable heterodimer that cannot be dissociated without denaturing the polypeptides. Subunit interaction is known to be important for full cap methyltransferase activity. The catalytic center of the cap methyltransferase is localized to the carboxyl segment of the D1 subunit (11, 14) . The D12 subunit is itself catalytically inert but stimulates the weak intrinsic methyltransferase activity of the large subunit (11, 14) . Heterodimerization of D12 with wild-type D1(498-844) is necessary and sufficient for reconstitution of methyltransferase but clearly does not suffice to promote termination. The amino portion of D1 is apparently essential.
Neither the guanylyltransferase active site (within the Nterminal D1 domain) nor the methyltransferase active site (in the C-terminal D1 domain) are required for VTF activity. This conclusion is based on the analysis of mutated proteins in which only one of the three capping activities is inactivated. Thus, the amino and carboxyl portions of D1 contribute to VTF function in other ways as yet unknown. One outstanding question is whether the triphosphatase function of the capping enzyme might play a role in termination. As of yet, no mutation that selectively affects the triphosphatase activity of the capping enzyme has been identified.
It is likely that the capping enzyme elicits termination through interactions with the nascent RNA itself and perhaps with one or more polypeptide constituents of the transcription elongation complex. Contacts between the capping enzyme and the nascent RNA within the elongation complex have been localized by UV cross-linking to the D1 subunit (6) . The 5Ј end of the primary transcript (capped or uncapped) is not required for transcription termination (6) nor does it contribute to the binding or cross-linking of the capping enzyme to RNA in solution (13) . The putative RNA binding domain is itself complex, involving contacts on both sides of a trypsin-sensitive site within the large subunit that demarcates the amino and carboxyl structural domains (13) . The D12 subunit is not required for cross-linking of D1 to RNA (13) . The autonomous methyltransferase domain D1(498-844)/D12, which does not have VTF activity, also did not bind to RNA under conditions under which the full-sized heterodimer bound tightly (13) . Conceivably, the failure of D1(498-844)/D12 to promote termination may be related to a lower affinity for RNA. However, because D1, which cross-links to RNA by itself, does not suffice to promote termination, we conclude that a function in addition to RNA binding is required for VTF activity. This implicates the small subunit directly in that (as yet undefined) function. One hypothesis is that contact of the capping enzyme with the RNA polymerase, or an associated factor, is required to transduce the UUUUUNU termination signal and that this interaction is lacking in the subdomains found to be incompetent for termination. We have shown that native capping enzyme forms a binary complex with vaccinia virus RNA polymerase in solution (8) . It remains to be determined which constituents of the polymerase complex and the capping enzyme contribute to this protein-protein interaction.
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